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The recent interest of petroleum companies in improving the
efﬁciency and viability of oil duct ﬂow have been increased in the last
several years [1,2]. However, commercial extraction viability has
some obstacles, such as drilling of salt layer that can block and hold
drill pipes. Drill and ﬂow pipes are made with seamless steel coated
with resin to decrease wear and corrosion. However, this resin wears
very quickly due to the contact sliding between steel cables and inner
wall of drill pipes. In addition, the corrosion of steel components due
to the great pressure and the presence of sulfur dioxide decreases its
efﬁciency and viability. Water from oil extraction generally contains
high salinity, oil particles in suspension and chemicals that are added
as demulsifying and defoaming [3]. The corrosive environment can
result in the deposition/precipitation of corrosion products in the
metal surface and increase wear inside of drill and ﬂow pipes [3].
Candidates for the improvement of these metal surfaces may
include diamond-like carbon (DLC) coatings and low temperature
surface hardening [4]. DLC has beenwidely studied due to its mechan-
ical properties such as low friction coefﬁcient, high hardness, and high
adherence on different substrate materials [5,6]. The combination of
DLC inert characteristics to most chemicals and their amorphous
structuresmakes themalmost defect free in order to use these coatingsas good candidates for oil ducts [7]. However, the presence of
nanopores in DLC ﬁlms can lead to the electrochemical dissolution of
the substrates due to permeation of water, environmental oxygen and
ions [8]. In order to improve DLC properties and applications, several
authors have reported the concern of doping DLC ﬁlms with silver
[9,10], ﬂuorine [11,12], silicon [13], and so on. Therefore, some of them
use gasmixtures as hydrocarbon sources [11–13] and other prefers the
use of a different set up to incorporate the nanoparticles [9,10]. In our
previous manuscript [14], the use of DLC ﬁlms with nanocrystalline
diamond (NCD) particles incorporated in their structure was shown
for the ﬁrst time. NCD particles increased DLC electrochemical corro-
sion resistance, reducing its nanopores and consequently preventing
aggressive ions from attacking the stainless steel surface [14,15]. The
technique used was plasma enhanced chemical vapor deposition
(PECVD). This is a versatile technique because different precursor
gases can be used; it is easy to deposit ﬁlms in samples with different
sizes and shapes, and present low cost of production [16]. In the
current paper, the tribological behavior of NCD-DLC ﬁlms under
environment air and aggressive solution was discussed. In addition,
the inﬂuence of NCD particle sizes and the graphitization level before
and after tribocorrosion tests was investigated.
2. Experimental procedures
The 316 L stainless steel disks (8.0 cm×0.5 cm)weremechanically
polished to a mirror-like ﬁnished surface. All the substrates were
cleaned ultrasonically in an acetone bath for 15 min, and then dried in
a nitrogen atmosphere. The clean samples were mounted on a water-
cooled 4.8 cm diameter cathode powered by a pulsed directly current
Fig. 1. Schematic diagram of a friction test in saline solution.
Fig. 2. Raman scattering spectra from (a) pure DLC and NCD-DLC ﬁlms containing
particles of (b) 4 nm, (c) 250 nm and (d) 500 nm average size. The spectra are vertically
shifted for easy comparison.
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variable pulse voltage from 0 to−1000 V [6].
In the plasma chamber (vacuum base pressure of 1.3 mPa) the
substrates were additionally cleaned by argon discharge with 20 sccm
gas ﬂow at 10.7 Pa working pressure and a discharge voltage of
−500 V for 20 min prior to deposition. In order to enhance the
adhesion of DLC ﬁlm to the substrate, carbonitriding was performed
before DLC deposition. The carbonitriding was carried out mixing
nitrogen, hydrogen and methane gases in the proportion 12:3:1
respectively. The total ﬂowwas kept in 100 sccm at 10.7 Pa for 2 h and
a discharge voltage of−560 V.
The DLC ﬁlms started to be deposited using methane as the
powered gas to a thickness of around 1.0 μm (20 sccm gas ﬂow at
10.7 Pa for 2 h and a discharge voltage of −700 V). After the DLC
deposition continues using hexane as the powered gas to a thickness of
around 1.5 μm (at 10.7 Pa for 1 h and a discharge voltage of−700 V).Table 1
Summarized Raman spectrum results of DLC and NCD-DLC ﬁlms according to the NCD aver
Sample D band position
(cm−1)
G band position
(cm−1)
FWHM
(D)
DLC 1301.3±1.1 1522.8±1.4 185.2±2
NCD-DLC (4 nm) 1317.0±2.2 1527.9±0.4 243.0±4
NCD-DLC (250 nm) 1314.9±5.1 1527.1±0.8 233.8±7
NCD-DLC (500 nm) 1304.2±0.5 1524.6±1.0 222.9±2NCD particles from different average sizes (4 nm, 250 nm and
500 nm) were ultrasonic dispersed in hexane (0.5 g/L) during 10 min.
These nanoparticle dispersions replaced the pure hexane during the
DLC deposition to produce NCD-DLC ﬁlms.
The atomic arrangement of the ﬁlms was analyzed by using Raman
scattering spectroscopy (Renishaw 2000 system) with an Ar+-ion
laser (λ=514 nm) in backscattering geometry. The laser power on
the sample was ~0.6 mW. The diameter of laser spot was 2.5 μm. The
Raman shift was calibrated in relation to the diamond peak at
1332 cm−1. All measurements were carried out in air at room
temperature. The slopes of the photoluminescence background (PLB)
in visible Raman spectra were used to estimate the hydrogen content
in the ﬁlms, following the methodology described by Casiraghi et al.
[17,18]. Therefore, the NCD-DLC optical gap and density were also
estimated [17,18].
A Wyko NT1100 optical proﬁler characterized the ﬁlm topography
and roughness value. The surface imageswere acquired inVSI (Vertical
Scanning Interferometry) mode (resolution around 5 nm).
Tribological tests were done in affected environment and all
characterizations were performed before and after the tests. The tests
were performed on 4 mm diameter 316 L steel ball and 50 mm
diameter 316 L steel ﬂat pairs with and without DLC and NCD-DLC
ﬁlms. The tribological tests were carried out in dry air (42% RH) and in
saline solution with 5 mass% NaCl in distilled water, with 5.6 pH at
room temperature. The saline solution was prepared according to DIN
50905 norm. The substrate was embedded in saline solutions using
aluminum vessel, as shown in the schematic diagram of tribotest
system (Fig. 1).
The friction and wear tests were carried out by using a UMT-CETR
ball-on-disk tribometer in the rotational mode with constant linear
sliding speed under 10 N normal load during 1000 cycles. The tests
were performed three times for each pair combination. A newposition
on the ball/disk was used for each test, and the friction coefﬁcients
were collected from the steady state region [19]. After the tribological
tests, Raman scattering spectroscopy analysis was performed in order
to study the surface changes of the ﬁlms.
3. Results and discussion
Raman scattering spectroscopy was used to evaluate the chemical
structure of the DLC and NCD-DLC ﬁlms. Typical DLC spectra exhibit
two distribution bands in the 1000–1800 cm−1 range, known as the D
and G bands. The D and G band peak positions were determined by
subtracting a linear background and ﬁtting a Gaussian function to the
peak of Raman spectrum. The peak position, width and ratio of
integrated areas under D and G peaks were used to determine ID/IG.
Fig. 2 shows the spectra from DLC and NCD-DLC ﬁlms with different
NCD average sizes, which are vertically shifted for easy of comparison.
The main parameters obtained through the spectra (Fig. 2) are
summarized in Table 1. The decrease of ID/IG ratio, together with the
shift of D band's peak position towards higher frequencies, accompa-
nied by an increase of the bandwidth is usually interpreted in terms of
an increase of diamond-like domains [16,20]. Some authors reported
the incorporation of metallic particles in DLC ﬁlms in order to increase
DLC corrosion resistance, but metallic particles promote the graphi-
tization of amorphous carbon around them due to their catalyticage sizes. The error represents the standard deviation of 5 different samples.
FWHM
(G)
ID/IG [H]
(%)
Tauc gap
(eV)
.8 153.6±0.4 0.65±0.01 34.1±0.3 2.17±0.03
.4 160.9±1.6 0.50±0.01 36.3±0.4 2.37±0.04
.0 159.7±4.0 0.50±0.01 36.6±0.5 2.35±0.04
.3 156.1±1.7 0.57±0.01 34.1±0.7 2.17±0.07
Fig. 3. Surface images of (a) DLC and NCD-DLC ﬁlms containing particles of (b) 4 nm, (c) 250 nm and (d) 500 nm average size. All images acquired from optical proﬁler are in the
ampliﬁcation of 50×.
Table 2
Surface roughness (Ra) of DLC and NCD-DLC ﬁlms according to the
NCD average sizes. The error represents the standard deviation of 3
different samples.
Samples Roughness (nm)
DLC 115±8
NCD-DLC (4 nm) 92±7
NCD-DLC (250 nm) 216±9
NCD-DLC (500 nm) 145±5
436 F.R. Marciano et al. / Surface & Coatings Technology 206 (2011) 434–439activity at high kinetic energy of the sputtered C species [21,22]. In the
case of NCD-DLC ﬁlms, it can be deduced that sp3/sp2 ratio slightly
increased with the presence of NCD particles. According to Robertson
[5], the sp3 bonding confers onDLCmany of the beneﬁcial properties of
diamond itself, such as its mechanical hardness, chemical and
electrochemical inertness and wide band gap. The results presented
here also demonstrated an increase in theﬁlmdensity. Note that all the
characteristics obtained through Raman for NCD-DLC ﬁlms are more
evident in those containing small particles (4 nm of average size). This
was the smaller studied size and the only size smaller thanDLC average
matrix (~10 nm) [6]. It suggests thatminor crystalline diamond grains
could occupy more nanospaces in DLC matrix, increasing its density,
disorder and diamond-like characteristics.
Fig. 3 shows macroscale images from the as-deposited DLC (Fig. 3a)
and NCD-DLC ﬁlms (Fig. 3b–d) containing NCD particles of different
average sizes. The grains seen in the images are from the carbonitriding
process of stainless steel substrates. It is possible to see that in
macroscale, the incorporation of NCD particles does not affect the
surface appearance. The surface roughness (Ra) was measured over an
area of 229 μm×301 μm and can be seen on Table 2. The as-deposited
DLC ﬁlms presented roughness values around 115 nm. With the
presence of bigger NCD particles (average sizes of 250 and 500 nm),
the ﬁlms became rougher. However, with NCD particles of 4 nm, the
roughness value slightly decreased. In this case, minor nanoparticles
occupying the nanospaces in DLC matrix smooth the ﬁlm surface,
reducing its roughness value [23].
Fig. 4 shows friction coefﬁcient behavior of NCD-DLC ﬁlms with
different diamond average sizes (4 nm, 250 nm and 500 nm). These
friction coefﬁcient measurements were plotted as function of cyclenumbers for 316 L stainless steel ball (a) coated and (b) uncoated
with DLC, sliding against samples in dry air (42% RH) for load of 10 N
and sliding speed of 120 mm s−1. In the curves from DLC/DLC and
DLC/NCD-DLC(250 nm) pairs (Fig. 4a), it is possible to see that the
steady state starts after 500 cycles. However, DLC/NCD-DLC(4 nm)
and DLC/NCD-DLC(500 nm) pairs did not show this behavior, with
running-in process during almost 1000 cycles. Some authors [24,25]
point out that an interfacial transfer layer is formed during the
running-in stage of tribological tests. This layermay oppose a very low
resistance to shear strength sliding mechanism during the steady
stage [24,25]. The lowest friction in this case was around 0.07 for DLC/
DLC pair. For 316 L/DLC pairs, including those with NCD particles
(Fig. 4b), the friction coefﬁcient remains between 0.18 and 0.21. This
result is similar to the DLC/DLC pairs. The lowest friction coefﬁcient
was around 0.18 for 316 L/NCD-DLC(500 nm) pair.
Fig. 5 shows friction coefﬁcient behavior of NCD-DLC ﬁlms using
the same parameters as described below, under 5% saline solution. In
Fig. 5a, the friction coefﬁcient reached steady state after 200 cycles for
Fig. 4. Friction behavior of DLC and NCD-DLC ﬁlms containing particles of 4, 250 and
500 nm average size, sliding against 316 L stainless steel ball (a) coated and (b) uncoated
with DLC ﬁlm, in dry air (42% RH).
Fig. 5. Friction behavior of DLC and NCD-DLC ﬁlms containing particles of 4, 250 and
500 nm average size, sliding against 316 L stainless steel ball (a) coated and (b) uncoated
with DLC ﬁlm, in 5% saline solution.
Fig. 6. Wear rate from DLC and NCD-DLC ﬁlms in (a) dry air and (b) under saline
solution. All the tests were performed varying the counter-body (316 L stainless steel or
DLC ﬁlm). The error represents the standard deviation of 3 different measurements.
Fig. 7. Surface images of the 316 L stainless steel ball coated and uncoated with DLC
ﬁlms after tribological tests in air: (a) DLC/NCD-DLC(500 nm), (b) 316 L/NCD-DLC
(500 nm), (c) DLC/NCD-DLC(4 nm) and (d) 316 L/NCD-DLC(250 nm) pairs. These
images represent the best (a–b) and the worst (c–d) results in air. All images acquired
from the optical proﬁler are in the ampliﬁcation of 50× and represents an area of
0.069 mm2.
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Fig. 8. Surface images of the 316 L stainless steel ball coated and uncoated with
DLC ﬁlms after tribological tests under saline solution: (a) DLC/NCD-DLC(500 nm),
(b) 316 L/NCD-DLC(500 nm), (c) DLC/NCD-DLC(250 nm) and (d) 316 L/DLC pairs.
These images represent the best (a–b) and theworst (c–d) results under saline solution.
All images acquired from the optical proﬁler are in the ampliﬁcation of 50× and
represents an area of 0.069 mm2.
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lowest friction coefﬁcient around 0.07. However, when the counter-
body was changed to 316 L stainless steel, 316 L/DLC pair showed
running-in process until 400 cycles and after this period, friction
coefﬁcient stabilized in 0.08, as seen in Fig. 5b. The other pairs with
NCD particles showed similar behavior, without running-in period
and friction coefﬁcient between 0.07 and 0.09.
Despite being hard, NCD particles are known to have low friction
coefﬁcient [26].When incorporated in a smooth ﬁlm, likeDLC, NCD-DLC
friction coefﬁcient decreases in all the samples under 5% NaCl saline
solution, independently of the NCD size and the coated or uncoated
counter-body. Hard coatings on a softer substrate can decrease friction
andwear by preventing ploughing both on amacro and on amicro scale
[27,28]. These coatings typically exhibit residual compressive stresses,
which can prevent the likelihood of tensile forces occurring [29]. The
reduction of friction coefﬁcients can be explained by the formation of
low-shearmicroﬁlms on the coating or perhaps only on the asperity tips
of the coating [29].
Regarding the wear rate (Fig. 6), it can be seen in Fig. 6a (dry air)
that the lowest wear rate was obtained from DLC/NCD-DLC(500 nm)
pair, with 37% less wear than DLC/DLC pair. This result suggests thatTable 3
Summarized Raman spectrum results of DLC and NCD-DLC ﬁlms after tribological tests using
standard deviation of 5 different samples.
Pair of samples Tribological environment D band position
(cm−1)
DLC/DLC Air 1313.6±4.2
NaCl solution 1314.4±0.4
DLC/NCD-DLC (4 nm) Air 1328.1±3.3
NaCl solution 1328.6±2.8
DLC/NCD-DLC (250 nm) Air 1308.1±1.8
NaCl solution 1311.1±1.0
DLC/NCD-DLC (500 nm) Air 1319.0±1.1
NaCl solution 1320.8±2.0bigger particles incorporated in DLC structure helps in sliding the
counter-body (in this case, DLC ﬁlm). However, it is interesting to note
that, when the counter-body is uncoated, the wear rate presents
similar behavior. Under 5% saline solution (Fig. 6b) the 316 L/NCD-DLC
(500 nm) pair showed 50% less wear rate compared to 316 L/DLC pair.
When DLC ﬁlm was used as the counter-body, the NCD-DLC(500 nm)
also present the best result. Bigger NCD particles (500 nm) reduced
contact pressure (due to increased contact area). In addition, dangling
σ-bonds of surface carbon atoms by NCD particles can be mainly
responsible for reduced friction and wear. These bonds can reduce the
extent of adhesive interactions and hence lower friction [30]. Another
factor that could explain reducing wear rates in NCD-DLC(500 nm)
ﬁlms is the formation of third-body from DLC wear that could ﬁll
nanospaces between bigger NCD particles (500 nm) [31].
As a comparison, Figs. 7–8 show the best and the worst results of
wear tests performed in air and under saline solution, respectively.
NCD-DLC(500 nm)ﬁlms presented the lowerwear rate independently
of the counter-body, DLC (Figs. 7a and 8a) or 316 L stainless steel
(Figs. 7b and 8b), and also in both environments (air and saline solu-
tion). This result is in agreement with the electrochemical corrosion
tests [15] inwhich a superior improvement in corrosion resistance and
impedance was observed due to the presence of NCD particles of
500 nm average size. In this case, NCD particles probably block the
attacking of Cl− ions, forming a barrier against the corrosion [15].
Raman spectroscopywas also performed in the track of tribological
tests. Tables 3–4 show summarized Raman spectrum results of DLC
and NCD-DLC ﬁlms after tests in both environment according to the
counter-body (DLC (Table 3) or 316 L stainless steel (Table 4)). The
main factor affecting peaks position, width and intensity is the
clustering of sp2 phase [18]. The full width at half maximum of G
peak, FWHM(G), andG peak position bothmeasure disorder, however,
FWHM(G) ismainly sensitive to structural disorder, whileG position is
mainly sensitive to topological disorder [17]. Structural disorder arises
from bond angle and bond length distortions, and topological disorder
arises from the size and shape distribution of sp2 clusters [17]. These
results show both G band central position and FWHM(G) shifted to
higher frequencies, indicating an increase of topological and structural
disorder. This increase was more evident in the pure DLC ﬁlms. The
wear track spectrum shows the same behavior of the ﬁlm surface,
indicating that the ﬁlm in the track did not change its structure.
4. Conclusion
In this paper, the tribological behavior of DLC and NCD-DLC ﬁlms
under environment air and aggressive solution was investigated.
Raman scattering spectroscopy shows NCD particles slightly increased
sp3/sp2 ratio. The presence of bigger NCD particles increased the ﬁlm
roughness. These NCD particles were also demonstrated to reduce DLC
friction and wear. NCD-DLC(500 nm) ﬁlms presented the lowest
friction coefﬁcient and wear rate under 5% NaCl saline solution. This
result suggests the potential use of these ﬁlms in aggressive envi-
ronment that suffers friction.316 L stainless steel ball coated with DLC ﬁlm as counter-body. The error represents the
G band position
(cm−1)
FWHM
(D)
FWHM
(G)
ID/IG
1528.1±1.4 244.8±8.3 158.3±1.3 0.50±0.01
1528.4±0.2 253.0±2.0 158.9±1.3 0.50±0.01
1532.4±0.4 279.5±2.6 160.0±2.2 0.58±0.02
1532.8±0.8 277.0±2.9 161.4±0.7 0.55±0.02
1527.2±0.8 234.9±2.1 159.1±1.8 0.50±0.01
1527.0±1.0 240.4±10.9 158.0±1.4 0.48±0.05
1529.3±0.7 263.5±8.6 160.5±0.9 0.50±0.05
1530.1±0.4 263.2±1.8 160.0±1.6 0.48±0.02
Table 4
Summarized Raman spectrum results of DLC and NCD-DLC ﬁlms after tribological tests using 316 L stainless steel ball uncoated as counter-body. The error represents the standard
deviation of 5 different samples.
Pair of samples Tribological environment D band position
(cm−1)
G band position
(cm−1)
FWHM
(D)
FWHM
(G)
ID/IG
316 L stainless steel/DLC Air 1311.6±4.8 1528.1±1.5 242.8±5.1 158.9±1.6 0.49±0.01
NaCl solution 1317.1±0.4 1528.7±0.4 257.7±1.3 157.4±0.4 0.52±0.01
316 L stainless steel/NCD-DLC (4 nm) Air 1326.7±2.2 1532.3±0.2 276.1±7.3 161.2±2.2 0.56±0.03
NaCl solution 1330.5±1.4 1532.9±0.4 280.4±6.2 161.9±1.6 0.56±0.03
316 L stainless steel/NCD-DLC (250 nm) Air 1312.3±2.2 1527.3±0.9 233.9±8.4 155.6±2.0 0.49±0.02
NaCl solution 1311.1±3.8 1527.6±1.4 247.4±8.9 158.2±1.1 0.51±0.03
316 L Stainless steel/NCD-DLC (500 nm) Air 1319.0±0.6 1529.4±0.5 265.0±17.2 160.1±0.8 0.51±0.08
NaCl solution 1325.0±3.5 1531.3±0.9 280.7±5.8 161.0±1.0 0.56±0.02
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